Background: Among the different techniques used to monitor lung disease progression
implemented in many countries during the last decade, based on the possible long-term benefit of early medical management to delay or prevent irreversible airway damage that ultimately leads to illness and death. [6] [7] [8] [9] To optimize CF follow-up in infants, outcome measures are needed to allow the identification of children who present early disease abnormalities and who would best benefits from preventive therapies. Different methods exist to evaluate the early consequence of airway remodeling in CF. The raised volume rapid thoracoabdominal compression (RVRTC) technique and plethysmographic lung volume assessment allow quantifying the functional consequences of airway obstruction. They are used to quantify, respectively, two hallmark features of early CF lung disease that are frequently present prior to symptom onset: (i) the reduction in forced expiratory flow (FEF) and (ii) the increase in functional residual capacity (FRC), which is an indicator of hyperinflation in the context of gas trapping. 10, 11 Multiple-breath inert-gas washout with the measurement of the lung clearance index (LCI) also is a promising tool to quantify ventilation inhomogeneity, as an indicator of gas trapping and bronchiectasis. 10 Moreover, LCI has been proposed as clinical endpoint in one study on infants with CF that
showed an improvement of this parameter after daily hypertonic saline nebulization. 2, 5 However, in countries where non-resident gases, such as sulfur hexafluoride, are prohibited, the only available alternative (ie, washout of resident gases by breathing 100% oxygen) has important technical limitations due to the negative effect of 100% oxygen on infant breathing patterns.
Among the different RVRTC parameters, forced expiratory volume in 0.5 s (FEV 0.5 ) is less specific for small airway obstruction detection compared with forced vital capacity (FVC) or the mean FEF between 25% and 75% of the FVC (FEF ). However, FEV 0.5 presents the better discriminative power between infants with CF and controls [10] [11] [12] [13] [14] [15] [16] and the best responsiveness to therapeutic interventions. 2 Therefore, FEV 0.5 is still considered among the main endpoints for clinical trials in infants with CF, even if it should be used only as a secondary endpoint, due to the difficulties to obtain reproducible results and the near-normal values obtained in infants with CF. 4, 17 Controlled-ventilation chest CT (CV-CT) also is a promising outcome measure for interventional trials in infants with CF. 18 It is a sensitive and efficient method to detect the early presence of airway remodeling, bronchiectasis and gas trapping. [19] [20] [21] [22] [23] [24] [25] [26] Moreover, the ratio of bronchial wall area to lumen area, a lung damage parameter evaluated by this technique, has been negatively correlated with FEV 0.5 . 26 This emphasizes the consequence on lung function of the airway remodeling detected by CV-CT. However, CV-CT in infants requires sedation and positive pressure ventilation to minimize motion-related artifacts. [27] [28] [29] This, like for RVRTC, considerably limits its routine use in the clinic for CF monitoring in infants.
Therefore, the development of less invasive and less constraining procedures to evaluate lung disease in infants with CF and to improve their early follow-up remains a significant challenge. Indeed, clinicians need objective and quantifiable parameters of lung disease to improve CF follow-up and management and to identify at early stages infants with the most severe lung disease. We recently described a reproducible and efficient semi-quantitative lung disease score to discriminate patients with CF from healthy controls based only on air trapping measurement by CT during quite breathing without sedation (CTqb score). 30 Indeed, the other structural changes relevant for CF lung disease monitoring (ie, increased bronchial wall thickness and bronchiectasis) are poorly detectable with this method.
As a CTqb score equal or higher than three indicates the presence of gas trapping, which is one of the feature airway obstruction, 30 we wanted to evaluate whether it could be used for the follow-up of infants with CF, and to compare its discriminative power with parameters routinely used in the clinic for monitoring CF lung disease progression in young children. To this aim, we evaluated the RVRTC parameters (FEV 0.5 , FVC, and FEF ), FRC and the CTqb score in a
French cohort of infants with CF at 10 weeks and 13 months of age. 
| Lung function testing
Lung function was evaluated using the RVRTC technique, with the same apparatus in all four centers (Jaeger MasterScreen™ BabyBody Pletysmograph; CareFusion, Höchberg, Germany). Measurement were carried out according to international recommendations, 35 and an inflatable jacket was used to rapidly compress the thorax and abdomen, producing forced expiratory flow volume curves. For this test, infants were sedated with oral chloral hydrate (75-100 mg/kg) and monitored by pulse oximetry.
Breathing pattern at rest (breathing frequency (Bf) and tidal volume (Vt)), functional residual capacity measured by pulmonary plethysmography (FRCpleth) and tidal rapid thoracic compression (RTC) were first evaluated according to international guidelines. 36, 37 During the last test, the pressure applied by the inflatable jacket was progressively increased until a plateau of forced expiratory flow was obtained, indicating flow limitation. Then, RVRTC measurement was performed according to international guidelines. 38 Repeated synchronized positive pressure inflation breaths were used for lung inflation to a pressure of 30 cm H 2 O. After reaching the maximal inflation, rapid thoracic compression was performed at the "optimal" jacket pressure, as determined during the tidal RTC maneuvers. 39 The flow volume curves were carefully analyzed. The criteria for acceptable flow volume curves included acceptable transmission pressures at airway opening, a rapid rise to peak flow, expiration to residual volume, absence of glottis closure, and absence of flow transients. The lung function parameters were: FVC, FEV 0.5 , and FEF . Values were extracted from the best curve defined as a technically acceptable curve with the greatest sum of FVC and FEV 0.5 .
The maneuver was repeated until obtaining at least another curve with values 10% lower than those of the best curve.
Particular attention was taken to harmonize the procedure and quality control in the four centers to reduce result variability. To be selected, each curved had to meet the control criteria required by the
Standard Operating Procedures (SOPs) of the European Cystic Fibrosis
Society for Clinical Trial Network (ECFS-CTN) 17 and was then validated by the two main investigators (R.G. and S.M.).
| Chest CT during normal quiet breathing
As previously described, 30 just after feeding, the infant was comfortably installed on the back, and proper chest positioning was checked with a lateral and median laser beam. When the infant showed a quite breathing pattern, the radiologist manually triggered image acquisition during expiration (visually monitored).
All CT examinations were performed by helical CT image acquisition with 100 kV, tube currents from 80 to 150 mA, 0.4 s of exposure, scan field of view (SFOV) small, pitch 1.375, and matrix 512 × 512.
For each lung, images were analyzed in batches in random order at ×4 magnification and standard lung settings [1450-500], on a soft copy reporting station. As described in our previous study, 30 
| STATISTICAL ANALYSIS
Descriptive data were presented according to data distribution and sample size. The Z-score values for weight, height, and BMI were adjusted for age and sex. 34 The Intra-class Correlation Criteria (ICC)
were used to assess the reliability of the CT results from two analyses of the same image performed by the same operator in blind conditions after a 6-month interval. The Kruskal-Wallis test was used to assess the inter-center repeatability for FEV 0.5 , based on the assumption that infants with CF at V1 were similar. 4 | RESULTS
| Infants
For this longitudinal study, 35 infants with CF were included (mean age at diagnosis 7 ± 2 weeks). None presented meconium ileus or any history of respiratory disease before the first visit. The anthropometric details of these infants are presented in Table 1 . Moreover, 48% of infants were homozygous and 45% heterozygous for the F508del CFTR mutation; 42% had a positive history of exposure to maternal smoking during pregnancy or after birth and 23% during pregnancy.
The weight and BMI Z-scores increased significantly between V1 and V2.
During the study, a cough swab was satisfactorily obtained only in 26 infants at both visits. S. aureus was isolated in 18 infants (69%), and the first detection occurred before V1 in 10 infants (38%). P. aeruginosa was isolated in eight infants (30%), and the first detection occurred before V1 in two infants (7%). All infants were treated according to the French and European standards of care for CF, including bacterial infection prophylaxis and treatment, 31, 32 and 88% of them received intravenous antibiotics. Despite the treatment, based on cough swab cultures, 14 infants (50%) were still infected, intermittently or chronically, by P. aeruginosa or S. aureus at V2. Viruses were detected in 10 infants (33%).
| Lung function
Among the 35 infants with CF, satisfactory RVRTC results were obtained in 30 at both visits. The main reasons for lung function testing failure were: insufficient sedation (one infant; 3%), and technically nonacceptable measurements at the secondary analysis (four infants; 13%). The ventilatory parameters at rest (Bf and Vt) and FRCpleth at V1 and V2 are presented in Table 1 (raw values and Z-scores). These three parameters (Z-scores) did not significantly change between visits.
Similarly, the RVRTC parameters (FEV 0.5 , FVC, and FEF ), expressed as Z-scores, 41 remained stable between visits (Table 1 and 
| CTqb score
Among the 30 infants with satisfactory lung function testing, only 28 underwent a successful CT evaluation at V2. The reasons for CT failure at V2 were non-attendance (one infant) and constant movement during the CT scan (one infant). As previously described, 30 all CT data were re-scored after an interval of 6 months in blind by the same operator and the two scores showed a good concordance (ICC = 0.98
[0.97, 0.99]). The CTqb scores were not significantly different between visits (Table 1 and Figure 1 ). In a normal population, CTqb Z-scores higher than three correspond to a quantile higher than 97.5% (and thus indicate abnormal presence of air trapping in lungs). 30 At V1, 66% of infants had a CTqb score >3 and 50% at V2.
No correlation was found between FEV 0.5 and the CTqb score at V1 and V2 (Figure 2 ), although the CTqb score showed a higher discriminative power than FEV 0.5 (P < 0.01). Similarly, no correlation was detected between the CTqb score and more specific parameters of airway obstruction, such as FEF , FVC, and FRCpleth (P = 0.2, P = 0.18, and P = 0.34, respectively).
| DISCUSSION
In this study, we evaluated lung disease changes in 30 infants with CF diagnosed by NBS, at 10 weeks, using two techniques: pulmonary lung function testing with RVRTC and CT imaging during normal breathing.
Among them, 28 CF infants were similarly evaluated at 13 months of age.
The main result of our study is that the CTqb score at 10 weeks of age present a higher discriminative power than RVRTC, and particularly FEV 0.5 , for lung disease in infants with CF (66% of abnormal CTqb values vs 30% of abnormal FEV 0.5 values). However, we did not find any correlation between these parameters, suggesting that they measure different pathological processes. Other RVRTC parameters (FEF , FVC, and FRCpleth) are more specific for peripheral airway obstruction; however, they present lower discriminative power compared with FEV 0.5 in infants with CF due to their higher coefficient of variation. 10, 17 This could also partly explain the lack of correlation between these parameters and the CTbp score.
Using CV-CT, Martinez et al 26 observed a negative correlation between the ratio of wall to lumen area and FEV 0.5 . However, they did not find any correlation between FEV 0.5 and lung density, which should accurately reflect air trapping, similarly to our CTqb score. Therefore, our results and this study suggest that FEV 0.5 reduction reflects remodeling of bronchial tree areas that are different from those where abnormal air trapping is observed by CT. Moreover, the less discriminative power of the RVRTC technique we observed in very young infants with CF suggests that FEV 0.5 is a less sensitive parameter of small airway remodeling in comparison with the radiological sign of air trapping.
We did not observe any between-visit change in RVRTC parameters. FEV 0.5, the main RVRTC parameter expressed as Zscore, 41 was stable, despite the BMI increase at V2, which is the first clinical benefit of NBS programs. 6 This result is in accordance with recent studies on infants with CF diagnosed by NBS showing minimal and stable lung function deficit. 10, 11, 14, 41, 42 In agreement, the number of infants with abnormal lung function (FEV 0.5 Z-score lower than −1.64) was low in our study. The lower discriminative power of FEV 0.5 in young infants and the technical difficulties have been clearly identified previously. Indeed, FEV 0.5 is only considered as a secondary endpoint in many clinical trials. 4, 17 In this study, we detected S. aureus or P. aeruginosa infections in 46% of infants with CF at V1, as previously reported with bronchoalveolar lavage (BAL). 43 However, we did not find any correlation between lung function and the presence of airway pathogens in cough swabs. We did not perform BAL, which is considered the "gold standard" for microbiological culture. 44 Previous studies have shown a link between lower respiratory infections by S.
aureus or P. aeruginosa, evaluated by BAL, and lung function. 43 The absence of correlation between lung function and cough swab results in our study indicates that induced sputum analysis is less relevant than BAL for the follow-up of this population. Indeed, although a positive cough swab is strongly predictive of lower airway infection, a negative cough swab does not rule out the presence of lower airway infections. 45 In our study, we observed radiological signs of airway obstruction in 66% of infants with CF at V1 and in 50% at V2. These results are comparable with those found in sedated and intubated infants with CF at four months of age, 22 and are significantly higher than those obtained with pulmonary lung function testing (30% and 28% at V1 and V2, respectively).
Technical progress has decreased considerably the time necessary for end-expiratory image acquisition. This could explain the good accuracy of airway trapping scoring with CT during quite breathing and consequently the better discrimination, compared with RVRTC, in infants with CF at 10 weeks of age. Indeed, the shorter image capture time significantly reduces the respiratory motion artifacts that can increase the CT score variability. 46 On the other hand, due to its greater inter-individual variability and inefficiency in detecting bronchiectasis, the CT score is not optimal to quantify and monitor CF lung disease severity for clinical trial purposes.
However, RVRTC is not available in all CF centers because of the cumbersome procedure necessary for sedation and the technical challenges to obtain reproducible data. Conversely, CF lung disease evaluation by CT during quiet breathing without sedation does not need special equipment and skilled personnel devoted to this technique. The easy access to CT emphasizes its usefulness in the follow-up of infants with CF. Nevertheless, the lack of correlation with FEV 0.5 and its higher discriminative power suggest that the air trapping score, quantified with CT during quiet breathing, represents remodeling of more peripheral airways than FEV 0.5 . In agreement with this hypothesis, a previous study in infants with CF found a relationship between air trapping evaluated by chest CT under sedation and abnormal ventilation distribution based on the multiple breath washout technique, which is a peripheral airway marker. 47 
| STRENGTHS AND WEAKNESSES
A major weakness of the CTqb method to evaluate air-trapping is that the volume is not standardized. With CV-CT, air-trapping is evaluated at end expiration, which may roughly correspond to the volume of our study, considering that in both techniques, expiration is passive.
Moreover, the initial rotation speed used in our study was 0.4 s, which is certainly insufficient to standardize the end expiratory level when acquisition is manually triggered. Nevertheless, the CTqb score is reproducible and is an efficient tool to discriminate CF from healthy infants based on air trapping measurement. 30 Technical progress, particularly reduction of the rotation speed and development of automatic shooting coupled to ventilatory motion, will allow, in the near future, end-expiratory lung volume standardization with CT during quiet breathing.
Another limitation of the current study is that we did not include a healthy control group for lung function testing and CT during quite breathing. Indeed, the French national ethics committee does not allow sedation of healthy infants with chloral hydrate for functional or radiological tests because of the potential cancer risk, [48] [49] [50] although the only longitudinal study on this issue did not find any effect. 51 Therefore, we used recent published reference equations derived from a cohort of 429 healthy infants (4-118 weeks of age) 41 to express our RVRTC result as Z-scores and the semi-quantitative structural lung scoring system we recently validated 30 for CT during quite breathing, to determine the prevalence of abnormal values with both techniques in infants with CF. Indeed, both can discriminate infants with CF from healthy controls and this is the first study to compare these two scores in the same CF population. We obtained acceptable RVRTC data for 80% of infants with CF at both visits during the first year of life. Finally, although our results emphasize the importance of evaluating the correlation between CTqb and CV-CT, we could not address this issue because CV-CT requires sedation, which is not allowed by our national ethics committee.
| CONCLUSION
In this longitudinal study in which pulmonary lung function testing and CT scan during quite breathing were performed at 10 weeks and 13 months of age, we observed minimal and stable lung disease in infants with CF. We also show that the CTqb score has a higher discriminative powers to detect lung abnormalities than FEV 0.5 .
Therefore, due to its lower technical constraints, it is an interesting tool to help the clinician win over the parents in pursuing or intensifying an aggressive clinical management of CF. However the lack of correlation with lung function parameters implies that the CTqb score and FEV 0.5 measure different aspects of CF lung disease.
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